The regulation of histone gene expression was examined after confluent, nondividing (10, 11) .
The synthesis of histones in continuously dividing cells as well as in nondividing cells that have been stimulated to proliferate is restricted to the S phase of the cell cycle (1) (2) (3) (4) and depends on concomitant DNA replication (2, 3, 5) . In continuously dividing HeLa S3 cells, a functional relationship between histone synthesis and DNA replication is further suggested by results from in vitro translation (5) (6) (7) (8) and hybridization (9) studies that indicated the presence of histone mRNAs on the polyribosomes of S phase cells. In continuously dividing cells, transcriptional regulation of histone gene expression is suggested by results from studies showing that, when chromatin from S phase and G1 phase HeLa cells is transcribed in vitro, histone mRNA sequences are detected only in transcripts of S phase chromatin (10, 11) .
Nonhistone chromosomal proteins have been implicated in the regulation of gene expression in general (12) (13) (14) (15) (16) (17) (18) (19) and in the control of transcription during the cell cycle specifically (17, (20) (21) (22) (23) (24) (25) . Chromatin reconstitution studies from several laboratories provide evidence that, among the complex and heterogeneous nonhistone chromosomal proteins, there are macromolecules which are responsible for the tissue-specific transcription of globin genes (26) (27) (28) , the steroid hormone-dependent transcription of ovalbumin genes (29) , and the transient expression of histone genes during the S phase of the cell cycle in continuously dividing HeLa cells (11, 30) . An important question which arises is whether the mode of histone gene regulation observed in continuously dividing cells is operative in nondividing cells stimulated to divide. Since histones are intimately involved in the structure and packaging of the genome, understanding the mechanism by which histone genes are rendered transcribable should provide important clues to the control of cell proliferation.
The studies reported here were directed toward defining the mechanism by which regulation of histone gene expression occurs after nondividing WI-38 human diploid fibroblasts are 30. Isolation of Nuclei and Chromatin. Nuclei and chromatin were isolated at 40 as described previously (4, 21) . Cells were harvested with a rubber policeman, washed three times with 80 volumes of Earle's balanced salt solution, and lysed with 80 volumes of 80 mM NaCI/20 mM EDTA/1% Triton X-100 (pH 7.2). Nuclei were pelleted by centrifugation at 1000 X g for 3 min and washed twice with the lysing medium. The nuclei were washed twice with 0.15 M NaCI/10 mM Tris (pH 8.0) and pelleted by centrifugation at 1000 X g for 3 min. Nuclei isolated in this manner are largely free of visible cytoplasmic contamination when examined by phase contrast microscopy. The nuclear pellet was disrupted by mechanical agitation and the nuclei were lysed in 60 volumes of distilled water. The chromatin was allowed to swell in an ice bath for 20 min and was then pelleted by centrifugation at 10,000 X g for 20 min.
Isolation of Polysomal RNA. Cells were harvested with a rubber policeman, washed three times with Earle's balanced salt solution, and pelleted by centrifugation at 1000 X g for 2 min. The pellet was drained well and resuspended in 10 volumes of 10 mM KCI/10 mM Tris/1.5 mM MgCl2 (pH 7.4). The cell suspension was transferred to a Dounce homogenizer, and after 20 min the cells were lysed by homogenization with a tightly fitting pestle. The homogenate was centrifuged at 15,000 X g for 15 min to pellet nuclei and mitochondria. The supernatant was transferred to 8-ml polycarbonate tubes and centrifuged at 100,000 X g for 90 min. All glassware and solutions were treated with diethylpyrocarbonate and then autoclaved.
The pelleted polyribosomes were resuspended in 1% sodium dodecyl sulfate/0.1 M NaCl/10 mM sodium acetate/1 mM EDTA (pH 5.4). Polysomal RNA was extracted twice with 1 volume of purified phenol plus 1 volume of chloroform/isoamyl alcohol, 24:1 (vol/vol), followed by two extractions with 1 volume of chloroform/isoamyl alcohol. The RNA was precipitated with 2 volumes of ethanol, centrifuged at 3000 X g for 15 min, and resuspended in 25 mM N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid (Hepes)/0.5 M NaCl/1 mM EDTA (pH 7.0) for hybridization analysis.
In Vitro Transcription. RNA was transcribed by using Fraction V Escherichia coli RNA polymerase prepared according to the method of Berg et al. (33) . Transcription was carried out for 60 min at 370 in a Dounce homogenizer fitted with a wide-clearance pestle, and the reaction mixture was periodically homogenized to maintain chromatin solubility. The incubation mixture in a final volume of 3.4 ml contained 40mM
Tris (pH 8.0), 4 (Fig. la) (Fig. lb) .
An increase in mitotic activity was observed between 16 and '20 hr (Fig. ic) . Concomitant with the activation of DNA synthesis there is a stimulation of histone synthesis (4 histone gene transcription parallels the onset of DNA synthesis in WI-38 fibroblasts (Fig. 1) .
Serum stimulation of semiconfluent WI-38 cells resulted in a time course and a maximal level for activation of histone genes similar to those observed when confluent cells were stimulated (data not shown). However, an increased level of histone gene transcription from chromatin of the semiconfluent cells was detected prior to stimulation and during the prereplicative period (Cotl/2 = 15).
To eliminate the possibility that endogenous RNAs associated with S phase chromatin (12 hr) were contributing to hybrid formation of RNA transcripts with histone cDNA, S phase chromatin was placed in the transcription mixture without addition of E. coli RNA polymerase. The endogenous RNAs were isolated immediately, without incubation of the sample, by the same procedure used to isolate transcripts and were analyzed for their ability to form hybrids with histone cDNA (Fig. 2) . The low level of hybrid formation with histone cDNA demonstrates that endogenous histone-specific sequences associated with S phase chromatin do not contribute significantly to the hybridization observed with S phase chromatin transcripts. Association 12 hr after stimulation were assayed for their abilities to form hybrids with histone cDNA (Fig. 3 ). An increase in the representation of histone mRNA sequences in polysomal RNA was evident at 10 hr after stimulation (COtI/2 = 17.8) and a further increase was observed at 12 hr (COtl,2 = 63). Comparison of the time course of appearance of histone mRNA sequences on polysomes after stimulation (Fig. 3) with the time course of DNA synthesis after stimulation ( Fig. 1) Fig. 4 indicate that the COtl/2 of the hybridization reaction between histone cDNA and RNA transcripts from this reconstituted chromatin preparation (CotI/2 = 4 X 10-') was indistinguishable from that of the hybridization reaction between histone cDNA and S phase chromatin RNA transcripts (COt1/2 = 4 X 10-1) (Fig. 2) with histone cDNA (Fig. 4 ) similar to those of native S phase chromatin transcripts (Fig. 2) (44, 45) .
